Decisionmakers considering policies to mitigate climate change will benefit from information about current and future distributions of carbon dioxide (CO 2 ) emissions. Examining the emissions dynamics of advanced economies that have experienced income convergence could provide insights about how distributions of country-level emissions may evolve over time if country-level incomes eventually undergo some convergence. This paper addresses the question of whether income convergence is sufficient for per capita CO 2 emissions convergence by focusing on a set of advanced economies, the U.S. states. I undertake a variety of cross-sectional and stochastic convergence tests with two novel measures of 1960-1999 state-level CO 2 emissions per capita-production (pre-electricity trade) CO 2 and consumption (post-electricity trade) CO 2 -and with income per capita. Although incomes continue to converge, I find stark divergence in production CO 2 per capita and no evidence of convergence for consumption CO 2 per capita. Forecasts of future distributions show little convergence in emissions.
Introduction
Understanding the geographic distribution of pollution can inform policymakers of the need for and the impacts of environmental policies. Assessing the distribution of air pollutant concentrations has shown whether pollution abatement has been progressive or regressive (Asch and Seneca 1978) . The changes in ozone concentrations in attainment and nonattainment areas illustrate how some emissions-intensive industrial production grew faster in those areas with a lower regulatory burden (Henderson 1996) . Recent research has explored the question of whether pollution distributions converge in a comparable fashion as income and may be considered a part of the economic growth process (List 1999; Brock and Taylor 2004) .
The relationship between economic growth and pollution has received considerable attention in the context of carbon dioxide (CO 2 ) emissions. Several studies have focused on per capita CO 2 emissions and assessed how they vary with per capita income by estimating reducedform environmental Kuznets curves (Holtz-Eakin and Selden 1995; Schmalensee et al. 1998 ).
Although it has been suggested that an inverted-U environmental Kuznets curve is sufficient for emissions convergence, Aldy (2006) shows that this is not the case for the transition to the steady state from any per capita emissions starting points among rich and poor economies.
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The lack of emissions convergence among the broader, global set of countries may reflect the lack of convergence in incomes. The results for OECD countries suggest that as countries converge in per capita incomes, their per capita emissions of CO 2 also converge. This paper addresses this question by focusing on the distributional dynamics of income and emissions for another set of advanced economies, the U.S. states. By focusing on the states, with per capita incomes converging over the past century, I can explicitly assess whether per capita carbon dioxide emissions converge as a by-product of economic convergence.
A novel aspect of this analysis is that I evaluate the effects of emissions-intensive trade on the distributional dynamics of per capita emissions. I have constructed two state-level CO 2 data sets for the 1960-1999 period from a state energy consumption data set. The first data set is the standard measure of an economy's CO 2 emissions, or a "production" measure, since it is based on where the emissions are produced. The second data set accounts for interstate electricity trade and adjusts a state's CO 2 emissions up if it is a net importer of electricity and down if it is a net exporter. This post-trade, or "consumption," measure of emissions better reflects the location of consumption of one major carbon-intensive good, electricity. 1 This paper follows in the spirit of Barro and Sala-i-Martin (1992) on incomes, Asch and Seneca (1978) on particulate matter concentrations, and List (1999) on nitrogen oxide and sulfur dioxide emissions by focusing on distributions at the state level. It complements the countrylevel analyses on convergence in per capita carbon dioxide emissions by addressing another set of economies. It extends the literature by employing a broader set of tools for testing for convergence, and unlike most other papers, it presents forecasts of future emissions distributions as well. 2 By explicitly accounting for the effect of trade in electricity on state-level emissions, this paper provides additional insights on the nature of emissions distributional dynamics. I have also undertaken tests of income convergence to contextualize the emissions results.
In contrast to the work on OECD countries, I find a striking divergence in state-level production CO 2 per capita over the 1960-1999 period. I find no evidence of convergence or divergence for state-level CO 2 per capita after accounting for the role of electricity trade, but I do find income convergence among the states. The lack of convergence in the historical CO 2 data is also evident in forecasts of future distributions based on Markov chain transition matrix analysis.
The states' long-run steady-state distributions have thick tails and are less compact than current distributions. Forecasts of future dispersion measures reveal very little convergence relative to current distributions. The next section describes the construction of the state-level CO 2 emissions data set. The third section presents the states' historical analyses. The fourth section focuses on forecasting future emissions distributions. The final section concludes and offers suggestions for further research. al. national data sets arrives at similar magnitude differences: an average difference of 1.7 percent (1.0 percent standard deviation) with a maximum annual difference of 4.5 percent.
States' Emissions and Income Data
Second, I compared my data set with a state-level CO 2 emissions data set constructed and published after I began this research project. The Blasing et al. (2004) My constructed carbon dioxide data set represents emissions associated with producing all goods and services in a given state, so we can also denote them production CO 2 emissions. The standard measure of CO 2 emissions, this is comparable to the national measures used to develop greenhouse gas commitments under the Kyoto Protocol. In the presence of interstate trade, the emissions intensity of a state's production may differ from the intensity of this state's consumption. Some states may specialize in carbon-intensive production and export a substantial share of this output, while others may specialize in carbon-lean production for export.
To illustrate the potential role of trade in measuring carbon dioxide, a second emissions data set was constructed to account for interstate electricity trade. To construct this postelectricity trade CO 2 data set, I started with the production CO 2 data set. Then, I calculated the annual average carbon intensity of each state's electricity sector. For a state that is a net exporter of electricity in a given year, the carbon emissions associated with the exported electricity (reflecting the state's average electricity carbon intensity) are deducted from that state's total emissions for that year. For a net importer, that state's emissions are augmented based on the average carbon intensity of electricity imports. 5 Since this modified measure reflects post-trade emissions and attempts to approximate for consumption emissions, as opposed to the production or standard measure of emissions, I refer to it as consumption CO 2 throughout this analysis. 6 The income variable used in these analyses is the state personal income series of the Bureau of Economic Analysis (BEA 2000) . 7 This series has been used in environmental Kuznets curve and economic growth papers (e.g., Aldy 2005; Barro and Sala-i-Martin 1992) . BEA also provides the annual state population data used to construct all per capita estimates.
Evaluation of Historical Convergence
To determine whether state-level per capita CO 2 emissions have been converging, I have adapted two common concepts of convergence from the empirical growth literature. First, I evaluated the emissions distributions to ascertain whether states that have low per capita emissions "catch up" to high per capita emissions states. This cross-sectional convergence could be evident through a reduction in the cross-sectional dispersion and compression in the emissions distribution. Second, I investigated whether differences in per capita emissions are persistent, thereby reflecting the permanence of shocks to per capita emissions. I employ time series tests for unit roots to assess for stochastic convergence. My analysis focuses on the production and consumption CO 2 measures, although I also present evidence of income convergence.
Methods
Three types of analysis are used to assess cross-sectional convergence. First, I estimate the annual standard deviation of the natural logarithm of per capita CO 2 emissions for both production and consumption measures and for per capita income. This measure of dispersion, referred to as σ-convergence, has been used extensively in the economic growth literature but has received very little attention in emissions convergence research. If dispersion declines over time, then per capita emissions are converging in a σ-sense (Barro and Sala-i-Martin 1992) . 6 If states that export electricity are disproportionately importers of energy-intensive goods, then this consumption measure could yield misleading results about the role of trade. To investigate this proposition, I evaluated petroleum and coal products; paper; primary metals; stone, glass, and clay; and chemicals-the five most energy-intensive twodigit SIC manufacturing industries according to the Energy Information Administration. There is little correlation between concentration in an energy-intensive industry (i.e., the state's share of income from economic activity in this industry relative to the national average) and electricity exports: the correlation coefficients range from -0.18 to 0.06. This does not support the notion that states substitute the production of electricity with the production of other emissions-intensive goods. 7 These values were converted to constant-year (1999) dollars based on the national CPI-Urban deflator.
Resources for the Future Aldy
Second, I present estimated kernel densities of per capita emissions and per capita income for 1960 and 1999 to illustrate emissions trends. Characterizing the complete distributions over time can further illuminate intradistributional dynamics that may not be captured by a single parameter characterizing the variance of the cross section (σ-convergence). Depicting distributions for production CO 2 , consumption CO 2 , and income can also illustrate the similarities and differences in the convergence of these measures over time. For these illustrations, a state's per capita emissions are expressed as the ratio of its emissions per capita to the national average for that year (i.e., relative emissions per capita [RE it ] and relative income per capita [RY it ]). 8 Normalizing a state's emissions against the national average allows us to discern state-specific movements from national growth or trends in emissions.
To estimate the densities, I have used the Epanechnikov kernel and Silverman's (1986) bandwidth choice rule. This yields a kernel density estimator function of
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Third, to complement the estimated kernel densities, I estimate various percentiles in the emissions distributions and test whether the spread in a given interpercentile range differs statistically over various periods. I estimate the 20th and 80th percentiles and associated 80-20 interquantile ranges (IQRs) for the emissions per capita relative to the national average for these three-year periods : 1960-1962, 1969-1971, 1979-1981, 1989-1991, and 1997-1999. 9 I use least absolute deviations estimators to construct these percentiles and IQRs. Let 0 θ be the estimated relative measure (RE or RY) Those estimates allow for an explicit evaluation of whether the spread in distribution changes over time in a statistically meaningful way through tests comparing the estimated magnitudes of the IQRs. The results also show whether changes in the interquantile spread reflect changes at the bottom of the distribution, at the top, or at both ends. I examine the null hypotheses that the 80-20 IQRs for the three-year periods around 1970, 1980, 1990, and 1998 are no different from that for the 1960-1962 period: (3) for i = 1970, 1980, 1990, 1998 0 1960 
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A decrease in IQRs since the 1960-1962 period and a rejection of the null suggests that the tails of the distribution have moved closer over time, indicating convergence; an increase in IQRs over time and a rejection of the null suggests divergence. I jointly estimate the IQRs for each pair under consideration and evaluate these hypotheses with a Wald test.
To assess stochastic convergence, I test for whether a unit root characterizes the time series of relative emissions per capita. If per capita emissions are converging in a stochastic sense, then shocks to emissions are temporary and the data are stationary over time. If a unit root characterizes the emissions time series, however, then shocks are permanent and emissions are not converging. Carlino and Mills (1993) used tests for unit roots to evaluate income convergence among U.S. regions and found evidence of income convergence. In the emissions context, List (1999) conducted such tests for assessing regional convergence in per capita emissions of nitrogen oxides (NO x ) and sulfur dioxide (SO 2 ), and Strazicich and List (2003) applied a panel-based unit root test to OECD countries for per capita CO 2 emissions.
I have employed the exact panel-based unit root test developed by Im et al. (2003) Im et al. showed that this test is more powerful than individual augmented Dickey-Fuller tests in rejecting the null hypothesis that unit roots characterize every time series under consideration. They also estimated sample critical values via simulation for evaluating the panelbased test statistic that will be used to assess the two carbon dioxide measures and the income measure. Figure 1 illustrates quite starkly a divergence in states' production emissions per capita over the period. This trend is all the more striking considering that per capita incomes among the states continue to converge (following a century-plus trend; see Barro and Sala-i-Martin 1992) . The dispersion in consumption CO 2 also increases with time but to a much lesser extent than the production emissions series. The increase in the dispersion coefficient for production CO 2 was more than double the increase in the consumption measure. This suggests that trade in electricity, which has increased in total and as a share of electricity generated over time, may be responsible for part of the divergence in per capita emissions.
Historical Evaluation of Emissions and Income Convergence
The smaller variance in incomes relative to emissions in Figure 1 is also evident in Figures 2 and 3 . In 1960, the relative income per capita distribution was more compact than either of the emissions distributions. With little interstate electricity trade in 1960, the two emissions per capita distributions are nearly identical. In 1999, the income distribution has become even more compact while the emissions distributions have both increased their spread, especially with thicker upper tails of the distribution. The consumption density peaks closer to one, while the top of the distribution has increased, but less so than the production distribution.
In 1960, only two states had production emissions per capita that were less than half the national average, and no states had such emissions more than twice the national average. By 1999, nine states were at least a factor of two away from the national average. Following a similar trend, only one state had consumption emissions per capita less than half the national average in 1960, and none had such emissions at least twice the national average. In 1999, six states had consumption CO 2 emissions that were at least a factor of two away from the national average. Table 1 The wedge between consumption CO 2 and production CO 2 may reflect the effects of local air quality regulation and economic trade. Henderson (1996) has shown that concentrations of regulated air pollutants have decreased in areas failing to meet national ambient air quality standards (nonattainment areas) but increased in those complying with these standards (attainment areas). Since nonattainment areas are generally more densely populated than attainment areas, this shift in emissions-intensive economic activity has relocated production to more sparsely populated areas. Given the correlation between CO 2 emissions and regulated air pollutants, higher CO 2 emissions in sparsely populated areas coupled with lower CO 2 emissions in densely populated areas could explain this divergence in per capita emissions. With minimal barriers to interstate trade, relocating emissions-intensive production to other states should not substantially affect a state's consumption. The low population density of the highest per capita CO 2 states, 10 the increasing role of emissions-intensive interstate electricity trade, 11 and the high correlations between CO 2 and sulfur dioxide and nitrogen oxides emissions 12 suggest that this mechanism could explain at least part of the emissions divergence.
An evaluation of stochastic convergence for the states reveals little evidence of convergence for relative production CO 2 emissions. The Im et al. (2003) test statistic for the production measure is -2.16 (Table 2) , which cannot justify rejecting the null hypothesis that the 10 The five states with the highest per capita CO 2 in 1999 had a population density less than 20 percent of the national average. 11 Interstate electricity trade has been increasing over the past 40+ years. Nearly one-quarter of all electricity-related CO 2 emissions in 1999 for the 26 net exporting states was associated with electricity exports. 12 The primary source of all three pollutants is the combustion of fossil fuels.
states' time series are characterized by a unit root. Shocks to relative production emissions appear to be persistent, and the states are not converging in a stochastic sense.
In contrast, the Im et al. test results for the relative consumption measure and income do show evidence of stochastic convergence. The consumption CO 2 test statistic of -2.41 is statistically significant at the 5 percent level, and the income test statistic of -2.35 is significant at the 10 percent level. Both statistics suggest rejecting the null hypotheses that unit roots characterize the consumption CO 2 and income time series.
For the U.S. states, despite income convergence, I find a consistent trend toward divergence in production emissions. In contrast, consumption emissions show little crosssectional evidence of divergence but some evidence of stochastic convergence. The wedge between production CO 2 and consumption CO 2 appears to yield very different distributional dynamics. The next section explores whether such historical trends may continue.
Markov Chain Transition Matrix Forecasts

Methods
The transition matrix framework is a nonparametric method frequently used in the economic growth literature to evaluate the dynamics of income distributions (Quah 1993; Kremer et al. 2001) . Quah (1993) applied the transition matrix framework to evaluate the distribution of relative per capita incomes. Following Quah, this framework maps today's distribution (F t ) of relative per capita emissions (or income) into tomorrow's distribution (F t+1 ):
Consistent with Quah and Kremer et al., I assume that the mapping operator, M, follows a first-order Markov process with time-invariant transition probabilities. Iterating (6) T times yields:
for some T, then this expression can illustrate the long-run steady-state (ergodic) distribution of relative per capita CO 2 emissions.
F F
Similar to Quah and Kremer et al., I have discretized the relative emissions and relative income data in the following five categories: <50 percent national average, 50 percent-75 percent national average, 75 percent-100 percent national average, 100 percent-200 percent national average, and >200 percent national average. I calculated the one-year transitions from one category to another to construct the transition matrices presented in Tables 3 through 5 . The transition probabilities in these tables represent the mapping operator that is applied to the distribution in the last year of the data sets to estimate the future steady-state (ergodic) distributions.
This approach does not impose much structure on the data, other than in the construction of the discrete categories and the first-order Markov assumption. It is intended to characterize the patterns in the distributional dynamics. Although it may characterize future distributions, this analysis does not provide enough information to explain why the emissions (or income) distribution evolves as it does. The representation of the distributional dynamics in the transition matrices may be sensitive to the choice of time period to consider (see Aldy 2006 for an example with country-level data). Transitions in the 1960s may be significantly different from transitions in later periods. To assess this issue, I compare ergodic distributions derived from transition matrices based on 1960-1999, 1970-1999, 1980-1999, and 1990-1999 . Finally, this approach cannot incorporate significant changes from past experience in policies or technologies (e.g., new CO 2 regulations, breakthroughs in renewable energy) in forecasting future distributions. Table 3 presents the transition matrix for production CO 2 over 1960-1999 and the estimated ergodic distribution. For example, a state in the lowest category (per capita emissions <50 percent national average) has an 88 percent probability of remaining in that category next year and a 12 percent probability of moving up one category (to 50 percent-75 percent national average). If that state does move up to the next category, then in the following year, it will have a 5 percent probability of moving up to the third category, a 2.8 percent probability of returning to the lowest category, and a 92 percent probability of remaining in the second category. The triplediagonal condition noted in the income convergence literature holds here: transition probabilities off the three main diagonals are zero, implying that states do not experience very substantial changes in their per capita emissions relative to the national average. The steady-state (ergodic) distribution based on these transition probabilities suggests little long-term convergence in relative production CO 2 per capita. The estimated ergodic distribution is slightly more (less) compact than the 1999 (1960) distribution of emissions.
Estimated Transition Matrices
Tables 4 and 5 present the transition matrices for relative consumption CO 2 per capita and relative income per capita. The consumption CO 2 transition probabilities also follow the triple diagonal condition. The consumption CO 2 probabilities show that a state's relative consumption emissions is more likely than its relative production emissions to move up from the lowest category (0.21 versus 0.12) and more likely to move down from the highest category (0.067 versus 0.050). This yields a slightly more compact steady-state (ergodic) distribution than the steady-state production CO 2 distribution, although this distribution does not substantially differ from the current consumption CO 2 distribution. Table 5 shows that the relative income per capita transitions likewise follow the triple diagonal condition, although there are no observations in the two extreme categories. The very high probabilities along the main diagonal suggest a high degree of persistence in states' relative income per capita. The steady-state income distribution is markedly more compact than either of the emissions distributions presented at the bottom of Tables 3 and 4.
The evolution of the production CO 2 distribution over 1960-1999 is evident in the estimated ergodic distributions with shorter panels (Table 6 ). Constructing transition matrices from shorter panels yields less compact distributions. 13 The ergodic distribution from the 1990-1999 transition matrix has thicker tails than the 1999 distribution, suggesting that emissions may continue to diverge if the more recent dynamics better explain future distributions.
Conclusions
The recent literature on the national-level distributions of per capita CO 2 emissions shows that emissions convergence is evident among the OECD countries-a group of nations that have also experienced economic convergence. Analyses with data sets including developed and developing countries show no evidence of emissions or income convergence. By focusing on the U.S. states, a group of advanced economies that have been converging in economic terms for more than a century, this paper provides several empirical tests of the notion implicit in the OECD analyses that per capita CO 2 emissions converge as per capita incomes converge.
In contrast to the OECD results, I find that the U.S. states' per capita CO 2 emissions have been diverging over the 1960-1999 period. This standard, or production, measure of CO 2 emissions per capita has shown a substantially increasing dispersion (variance) over the period. The estimated kernel densities show much thicker tails over time for production CO 2 . The estimated 80-20 interquantile ranges have increased since the 1960s, and the 1990s have 80-20 spreads that are statistically larger than the 1960s spreads. The hypothesis that production CO 2 emissions are characterized by persistent shocks cannot be rejected, precluding stochastic convergence. Forecasts of the production emissions distributions using a Markov transition matrix suggests virtually no convergence in the steady-state distribution of per capita emissions relative to current emissions, and some continued divergence based on shorter-length panels.
Although production CO 2 emissions have diverged as state per capita incomes continue to converge, accounting for interstate electricity trade reveals substantially different emissions dynamics. States' consumption CO 2 emissions per capita have experienced a less pronounced increase in their dispersion, but this appears to be driven by states at the extremes of the distribution, since the estimated 80-20 interquantile ranges have remained effectively constant over the 40-year period. Moreover, the consumption CO 2 measure does appear to be converging in a stochastic sense. Consumption CO 2 emissions per capita are more compressed in historical distributions and in the forecast steady-state distributions, but both measures of emissions have much less compressed distributions than for per capita income.
The different distributional dynamics between production emissions and consumption emissions reflect the effect of increasing interstate electricity trade over time. Future research could explore whether this trade effect is evident for other emissions-intensive goods. The characteristics of net exporters and net importers of electricity suggest that air quality regulations could be driving some of the trend in electricity trade. Additional research could explore more explicitly the possible connection between air quality rules and the CO 2 emissions distribution.
As decisionmakers continue to debate policies to mitigate climate change, they will benefit from information about future distributions of CO 2 emissions. Focusing on the emissions dynamics of a set of advanced economies that have experienced income convergence could provide insights about how distributions of country-level emissions may evolve over time if country-level incomes eventually undergo some convergence. The disconnect between income convergence and emissions convergence for the U.S. states suggests caution about the design of future policies. Some have proposed that rights to the atmosphere should be allocated on a per capita basis (see Bodansky 2004 for a survey of climate policy proposals, including those advocating for such a per capita allocation rule). This analysis suggests that such a rule could involve very substantial resource transfers (either through a tradable permit program or through the relocation of emissions-intensive industries) even if economies converge because income convergence does not appear to be sufficient for emissions convergence. Further understanding of the role of trade in the production of emissions-intensive goods-and the distribution of the production and consumption of these goods-can inform policymakers about the potential distribution of the burden of emissions mitigation policies. Notes: Kernel densities for all three measures (relative production CO 2 per capita, consumption CO 2 per capita, and income per capita) are estimated using the Epanechnikov kernel function and the Silverman (1986) bandwidth choice rule. CO 2 emissions data are constructed by author from energy consumption data in EIA (2001a), and income per capita data are from BEA (2000). 1960-1999 1960-1962 1961-1971 1979-1981 1989-1991 1997-1999 Percentile Notes: Bootstrapped standard errors based on 1,000 replications presented in parentheses. *, ** indicates that a Wald test comparing the estimated interquantile ranges for the 1960 period and other periods rejects the null that the ranges are identical at the 10 percent and 5 percent levels, respectively. 
